Abstract: The onset and intensity of the Asian Summer Monsoon is influenced by dynamical factors, such as the El Nino/Southern Oscillation or the Indian Ocean Dipole. Recently, it has been postulated that aerosol-induced anomalous mid-and upper-tropospheric warming above the Tibetan Plateau leads to an early onset and intensification of monsoon rainfall. This so-called "Elevated Heat Pump" effect is based on results from the NASA finite-volume general circulation model with and without radiative forcing from different types of aerosols. In particular, black carbon emissions from sources in Northern India and dust from western China, Afghanistan, Pakistan, and Southwest Asia, are the driving forces behind the anomaly. The current study takes an observational approach to detect signatures of the "Elevated Heat Pump" effect in the cloud cover and cloud type distributions as derived from Meteosat-5 data over the Asian Monsoon region, supplemented with surface temperature data from the NCEP/NCAR Reanalysis and precipitation data from the Global Precipitation Climatology Project. Cloud, convection, precipitation, and surface temperature features for the highest-aerosol year of the current decade (2004) are compared with lower-aerosol content years during the period 2000 -2005. Temperature anomalies in the Tibetan Plateau and predicted precipitation features in China and Korea are found to be consistent with the hypothesis, but the early onset and intensification of monsoon rainfall over India are not observed. It is proposed that indirect aerosol effects or the anomalies in dynamical features during the high-aerosol year caused the disagreement between observed and hypothesized behavior.
Introduction
Prediction of monsoon variability is of utmost importance for the safety and economic well-being of millions of people throughout India and Asia. Despite decades of research and improvement, climate models still fall short in accurately predicting the strength, timing and seasonal variability of the Asian monsoon. One reason for this situation is that contrary to the rest of the tropical regions, modeling the Indian monsoon region is highly sensitive to initial conditions (Sperber and Palmer 1996, Krishnamurthy and Shukla 2000; Cherchi and Navarra 2003) . Other particularly troubling aspects of the models are air-sea interactions, land surface effects, cloud and precipitation processes, and sea surface temperature feedbacks in the northern Indian Ocean.
As work continues to determine what processes must be incorporated into models to improve their performance, the role of aerosols in the monsoon system is gaining attention. Increased availability of aerosol data from in situ observations and remote sensing platforms makes this a promising area of exploration. Recent studies of aerosol effects on the Asian monsoon resulted in somewhat conflicting conclusions. One characteristic of aerosols is their tendency to cause temperature decreases at the earth's surface by reflecting incoming solar radiation-the so-called -solar dimming‖ effect (Stanhill and Cohen 2001; Wild et al. 2004; Pinker et al. 2005) . Another characteristic is the ability of aerosols such as dust and black carbon, which are abundant in the Asian monsoon region in springtime, to produce an atmospheric heating effect by absorbing solar radiation. Results from general circulation model (GCM) simulations have shown that solar dimming from aerosols can decrease the intensity of the Asian monsoon on multi-decadal time scales by weakening the land-sea temperature gradient in the region (Ramanathan et al. 2005) . Alternatively, aerosol-induced atmospheric heating has been linked to a strengthening of the monsoon in southern China, northern India, and the Bay of Bengal by impacting circulation patterns, vertical motions, and atmospheric stability (Menon et al. 2002; ).
The focus of this study is to use observational data to examine the -Elevated Heat Pump‖ (EHP) hypothesis proposed by . The basic premise of the hypothesis is that absorbing aerosols such as black carbon from northern India and dust from the deserts of western China, Afghanistan, Pakistan, and southwest Asia stack up against the foothills of the Himalayas in the pre-monsoon season and cause anomalous upper-tropospheric warming in the Tibetan Plateau region. The aerosol transport is evident in Fig. 1 , which shows the long-term mean of the general circulation near the surface in April. A relatively strong band of westerlies extends from the deserts of southwest Asia toward the Indo-Gangetic Basin (IGB) at the base of the Himalayas. A southerly wind from northeast India contributes industrial black carbon to the aerosol load in the IGB. The hypothesis proposes that warming by aerosol absorption causes the air to rise and act as an -Elevated Heat Pump‖, drawing in moist air from the Indian Ocean and causing an early onset of the Indian monsoon and intensification of monsoon rainfall. The sinking motion that completes the meridional circulation shifts northward, such that the southern part of the Indian subcontinent experiences dryer-than-normal conditions in the early part of the peak-monsoon season. Observational evidence of the EHP effect presented by also indicates an early drawdown of the Indian monsoon season. Impacts on rainfall extend farther than the subcontinent itself, as the heat low established over the Tibetan Plateau is balanced by an elongated surface high pressure ridge oriented southwest to northeast from the northwestern Pacific through the northern South China Sea and southern Bay of Bengal into the central Indian Ocean.
This pushes the typical Mei-yu rain belt northward and suppresses precipitation in the northern Indian Ocean, eastern China, and the western Pacific, while increasing rainfall totals in central India, the northern Arabian Sea, the northern Bay of Bengal, central China, and Korea. These conclusions were reached based on 10-year runs of the NASA finite-volume GCM with and without aerosol forcing.
The role of the Tibetan Plateau as an elevated heat source has long been recognized as one of the driving mechanisms of the Asian monsoon (Flohn 1968; Yeh 1981; Murakami 1987; Ueda and Yasunari 1998) . Li and Yanai (1996) observed that the reversal of the meridional temperature gradient due to intense heating of the Tibetan Plateau in springtime coincides with the onset of the monsoon. The heating of the plateau prior to monsoon onset is mainly due to sensible heat flux in the semi-arid western part of the Plateau and latent heat flux in the more humid eastern region (Flohn 1968; Yeh and Gao 1979; Luo and Yanai 1984; He et al. 1987 ). Taniguchi and Koike (2007) also showed that latent heat release from convective activity is responsible for heating through the depth of the troposphere in the eastern plateau, even before the rainy season begins.
The EHP hypothesis suggests that warming caused by absorbing aerosols provides another mechanism to enhance the heating of the Tibetan Plateau. The potential impact of aerosol absorbing effects is magnified in this situation since the mass of the atmosphere above the plateau is roughly half of that near sea level and any heat added warms the air more effectively than over low-level terrain (Yeh 1981) . This can further strengthen the thermally induced circulation that draws in moisture from the Indian Ocean, bringing potential for increased convection.
Preliminary validation of the hypothesis was conducted by .
Four high-aerosol years (1980, 1985, 1988, and 1991) and four low-aerosol years (1982, 1983, 1990, and 1992) were selected for the analysis based on the Total Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI) (Hsu et al. 1999) . The TOMS AI is a measure of how much the observed wavelength dependence of UV radiation backscattered from aerosols differs from that due to pure molecular scattering. The data record runs from 1978 through 2006, however data collected after mid-2000 exhibit inhomogeneous degradation of the instrument's scanner mirror and therefore are not appropriate for trend analysis. Details of the problem can be found at:
http://toms.gsfc.nasa.gov/news/news.html. have AI values less than 2 in the IGB. The remaining 2 years in each category are less extreme, with an average AI value between 2.25 -2.50.
The evaluation was conducted using rainfall observations from the Global Precipitation Climatology Project (GPCP) (Huffman et al. 1997 ) and temperature and wind fields from the NCEP/DOE-R2 reanalysis data (Kanamitsu et al. 2002) composited separately for the high-and low-aerosol years. In agreement with the hypothesis, the following features were found in the high aerosol years: Composite rainfall data showed an increase in precipitation in northern India in the early part of the season, spreading to all of India in June and July, and decreasing in August; enhanced ascent of warm air along the Himalayan foothills in May was evident in the composite wind fields; statistically significant correlation between high aerosol levels and warm upper tropospheric temperature anomalies in northern India and the Tibetan Plateau were found.
An opposite behavior was observed during the low aerosol years. Bollasina et al. (2008) conducted an evaluation of the EHP hypothesis using regressions of various parameters such as precipitation, diabatic heating, winds, and radiative fluxes on the TOMS AI for May of the years 1979-1992. In contrast to the results of , they concluded that high aerosol loads in the IGB were associated with deficient precipitation throughout India in early spring. Additionally, their results suggest that land-surface processes set in motion by high aerosol concentrations, rather than the EHP mechanism, led to stronger monsoon rainfall during the months of June and July.
The approach used in the current work utilizes newly available information on several crucial parameters for confirming the existence of the EHP effect. In contrast to the previous studies that used TOMS AI, the springtime aerosol load in the IGB is determined from aerosol optical depth retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) ) and the Multiangle Imaging Spectroradiometer (MISR) (Bothwell et al. 2002) . Retrieval of information on aerosols from TOMS is based on the backscattered radiance measurements in the range from 331
to 380 nm and provides a quantity known as the aerosol index (AI). Theoretical model simulations Torres, 1998) Cloud and convection data used in the analysis are ascertained from a recently developed dataset based on hourly Meteosat-5 satellite observations at 0.125° resolution.
The high spatial resolution of this product allows a detailed investigation of cloud patterns in the Himalaya foothills region where much of the EHP effect is proposed to play out, and the high temporal resolution gives a good measure of the frequency of occurrence of convection. Finally, the monsoon behavior during individual years is analyzed in relation to the aerosol load in the IGB for each year. This approach is favored over analyzing the composite of several years because the predicted patterns should be evident during extreme aerosol years if the EHP mechanism is operating as hypothesized.
Data

Aerosols
The determination of springtime aerosol loading is made by analyzing aerosol retrievals from MISR and MODIS. other sources, indicating that they capture the situation quite well.
Temperature and rainfall
As in the study by , surface temperature data from the NCEP/DOE-R2 reanalysis and precipitation data from GPCP are incorporated into the hypothesis validation. Additionally, rainfall information from ground based observations from the Indian Institute of Tropical Meteorology (IITM) at Pune ) is used. The rain gauge network consists of 306 stations, and monthly mean rainfall amounts are computed for 30 subdivisions in India using an area-weighted average (Fig.   4 ).
Methodology
The years during April should be higher in the high aerosol year due to aerosol absorption of shortwave radiation, (2) convection and precipitation in the foothills of the Himalayas and in northern India should be higher in May during the high aerosol year due to the early onset of the monsoon, (3) convection and precipitation in southern India should be lower in June in the high aerosol year due to the northward shift in the subsiding branch of the meridional circulation over India, (4) convection and precipitation for the peakmonsoon season in the high aerosol year should be higher in northern India and the Bay of Bengal, and lower in eastern Asia, the northern Indian Ocean, and the western Pacific.
Results
Surface temperature
According to the EHP hypothesis, in the high-aerosol year the Tibetan Plateau should undergo anomalous upper tropospheric warming in April due to absorption of shortwave radiation by aerosols. Figure 5 shows the April 400 mb temperature anomaly from the NCEP/DOE-R2 Reanalysis for the high aerosol year. The anomaly is based on climatology from 1968-1996. Although anomalous warming is observed over the Tibetan Plateau in the high-aerosol year, the center of the anomaly is located north of 45° N and cannot be attributed to heating from aerosol absorption.
Convection and precipitation
According to the hypothesis, the anomalous warming observed over the Tibetan Fig. 6b ). In fact, the largest increase in convection occurs relative to 2003, which should be unrelated to the EHP hypothesis since it is a moderate-aerosol year.
The frequency of occurrence of convection in the Himalaya foothills region derived from Meteosat-5 agrees well with rain gauge data collected by the IITM. Table 1 shows This contradicts the hypothesis, which predicts more precipitation in the high aerosol year.
As shown in Fig. 10 , it is not until August that convection in northwest India and the northern Bay of Bengal in the high-aerosol year exceeds that in the low-aerosol years.
This again contradicts the hypothesis, which asserts an early start to the monsoon and an early drawdown to the season. Figure 11 shows the difference in overall rainfall patterns for the combined months of June, July, and August for the high aerosol year minus the low aerosol years.
Precipitation is derived from the GPCP database. There is less precipitation throughout most of India, the northern Bay of Bengal, and southern China during the high-aerosol year. Positive rainfall differences occurred in the southern parts of the Arabian Sea and Bay of Bengal, central China, and Korea. These patterns disagree with what was predicted by the EHP hypothesis in the region of India and its surrounding waters, although they do agree over China and Korea.
Discussion
While it would have been interesting to perform the current analysis for the years used by , the sources of high-resolution cloud and aerosol information chosen for this study were not available until 1998 and 2000, respectively.
Therefore Several possible reasons for why the observations did not agree with the predictions are explored here.
Global influences on monsoon rainfall
The effect of aerosol forcing cannot be considered in isolation because other large-scale forcing factors affect the interannual variability of the Indian monsoon.
Global teleconnections have been found between Indian Summer Monsoon Rainfall
(ISMR) and various atmospheric and oceanic patterns outside the Indian monsoon region.
Of the numerous indicators, some of the most prominent are El Nino/Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and Eurasian snow cover. 
Model inaccuracies
Disparities in predicted monsoon behavior have been seen between fixed sea surface temperature (SST) models and coupled ocean-atmosphere models. The model used by to develop the EHP hypothesis used fixed SSTs and predicted enhanced Asian monsoon rainfall. Similarly, the study conducted by Menon et al. (2002) with a fixed SST model also found increased monsoon precipitation in parts of India and China and decreased precipitation in the northern Indian Ocean. Alternatively, simulations with coupled models by Ramanathan et al. (2005) and Meehl et al. (2007) resulted in less Asian monsoon precipitation. When the SSTs were allowed to respond to the decreased solar radiation in northern India and surrounding waters due to aerosol absorption, the meridional SST gradient weakened. Since this gradient is one of the major driving mechanisms of the monsoon, precipitation decreased in turn. Table   2 . The negative correlation is apparent for all years, albeit more strongly for some years.
In explanation of the contrast between their findings and the enhancement of precipitation in the IGB in May observed by , Bollasina et al. (2008) noted the different mechanisms at work in the eastern and western parts of the IGB. In the western region where the aerosol load is highest, precipitation appeared to be subdued by the aerosol semi-direct effect. Some increase in precipitation was seen in the eastern region, where the large-scale circulation flows northward over the Bay of Bengal, picking up abundant moisture and rising orographically when it encounters the Himalayas. Their results suggest that the high aerosol load in the west may affect the large-scale circulation in a manner that enhances this precipitation-producing mechanism in the east. However, the aerosol load in the east is rather small and does not directly cause rising motion through the EHP mechanism. Furthermore, they assert that since used a longitudinal average of precipitation across the IGB, the rainfall reduction in the west was masked by the activity in the east.
The details brought forth by the high-resolution Meteosat-5 data support the conclusions of Bollasina et al. (2008) . Referring back to Fig. 6 , it is clear that the most significant increase in convection during the high-aerosol year occurs in the eastern regions. The western part of the IGB predominantly shows decreases in convection, or slight increases interspersed with decreases. Based on these results along with the negative correlation found between AOD and frequency of occurrence of convection, it appears that the aerosol semi-direct effect plays an important role in observed behavior of the monsoon for this period of study.
Anomalies in 2004
In 2004 
Conclusions
The high spatial and temporal resolution of Meteosat-5 satellite data along with improved aerosol information from sources such as MODIS and MISR provide a unique opportunity to investigate processes that affect the Asian monsoon. This study exploits these capabilities to apply a different approach for evaluating the EHP hypothesis. It was found that in some aspects, observations were in agreement with the hypothesis but not in all aspects of it.
-Anomalous warming over the Tibetan Plateau was observed but appears too far north to be associated with the absorbing aerosols in the IGB Table 1 May rainfall totals derived from IITM rain gauge data for subdivisions in Table 2 Spatial correlation between MODIS AOD and frequency of convection 
